Introduction
structure and physiology ( ). For example, estrogens cause cyclic changes in neurogenesis ( ), dendritic spine density and 42 -49 50 synaptogenesis ( ) in the rat hippocampus during the estrous cycle. Likewise, estradiol treatment in ovariectomized female rats controls 51 dynamic changes in spine density and/or the number of synapses in both the hippocampus ( ) and hypothalamus ( ). In addition to 52 53 -56 these structural effects on neuronal connectivity, recent studies showed that estrogens play a distinct role in controlling NO production within the hypothalamus ( ) as well as in other brain areas ( ). 57 - 60 61
Accumulating evidence suggests that one mechanism for the regulation of nNOS activity in the hypothalamus could reside in the differential coupling of nNOS to NMDA receptors at the plasma membrane in the context of changing physiological conditions. Indeed, recent data have demonstrated that assembly of an nNOS/PSD-95/NMDA receptor ternary complex is modulated by the natural fluctuations of estrogens across the estrous cycle in neurons of the preoptic region ( ) and that these effects likely require 58 ligand-dependent activation of estrogen receptors ( ). Here, we investigated whether, in parallel to these estrogenmediated changes in 62
protein-protein interactions, NO production is regulated by changes in nNOS phosphorylation during the estrous cycle. Our findings indicate that cyclic changes in estrogen levels are indeed associated with marked variations in nNOS phoshorylation. Furthermore, the physical association of the phosphorylation-activated nNOS isoform with NMDA receptors at the plasma membrane in neurons of the hypothalamic preoptic region displayed cyclic changes, which we previously shown to interact with the neuronal network involved in the central control of reproduction ( , ). 25 58
Material and Methods

Animals
Sprague Dawley female rats (Janvier, Saint-Berthevin, France) weighing 200 220g were housed in a room with controlled -photoperiods (14 h of light beginning at 0700h and 10 h of darkness) and temperature (21 23 C) with food and water . Rats -°ad libitum were fed a regular chow diet that contained trace amounts of phytoestrogen (2016; Harlan France, Gannat, France) (Odum et al., 2001 ).
Vaginal smears were examined daily, and only rats that exhibited at least two consecutive 4-day estrous cycles were used for experiments.
Diestrus I and II were defined by a predominance of leukocytes in the vaginal lavage. The day of proestrus was identified by a predominance of nucleated rounded epithelial cells. Finally, the day of estrous was defined by large numbers of clustered cornified squamous epithelial cells. All experiments were performed in accordance with guidelines on animal use specified by the European Communities Council Directive of November 24, 1986 (86/609/EEC) regarding mammalian research and were approved by the University of Lille 2 Animal Use Committee.
Antibodies
Antibodies used for coimmunoprecipitation and Western blot experiments
Rabbit polyclonal anti-nNOS (sc-8309; 1:500 dilution for immunoblotting) and goat polyclonal antibody antiactin (sc-1616; 1:1000 for immunoblotting) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-PSD95 (MA1-045 and MA1-046 both used at 1 g/750 l for immunoprecipitation; MA1-046 only used for immunoblotting at 1:500) and the rabbit polyclonal μ μ
anti-phospho-nNOS-Ser1412 (anti-P-nNOS) (PA1-032 at 2 g/750 l for immunoprecipitation and 1:1000 for immunodetection) were μ μ purchased from Affinity BioReagents (Golden, CO). Control experiments included incubation of size-fractioned proteins transferred onto polyvinylidene difluoride membrane in antisera that had been preabsorbed with the immunizing peptide (PEP-188; Affinity BioReagents). (1:8000), anti-rabbit (1:10,000) and anti-goat/sheep (1:10,000) all peroxidase (HRP)-conjugated) were purchased from Sigma (Saint-Quentin Fallavier, France).
Antibodies used for immunohistofluorescence experiments
Sheep polyclonal anti-nNOS (1:3000) was a generous gift from Dr. P. C. Emson (Medical Research Council, Laboratory for Molecular Biology, Cambridge, UK) ( ) and anti-P-nNOS (71 8600; 1:500) were purchased from Affinity BioReagents (Golden, CO). 18
-
The secondary donkey anti-rabbit conjugated Alexa Fluor 568 (A-21099; 1:500) used for nNOS and the conjugated Alexa Fluor 488 (S-11223; 1:500) used for P-nNOS detection were purchased from Invitrogen (Eugene, OR).
Protein extraction and coimmunoprecipitation
Female rats were decapitated at 4pm on the day of diestrus II (Di16h) or at 4 pm on the day of proestrus (Pro16h). After rapid removal of the brain, the meninges and optic chiasma were removed and the preoptic region was dissected under a binocular magnifying glass with β mM sodium pyrophosphate, 1 mM sodium orthovanadate, 10 g/ml leupeptin and pepstatin, 10 g/ml aprotinin and 100 g/ml PMSF and 
Neuronal NOS activity assay
Nitric oxide synthase activity was determined in plasma membrane-extracted protein by measuring the formation of nitrite and nitrate produced in samples using the Calbiochem nitric oxide synthase assay kit, calorimetric (Cat. No 482702; Calbiochem, International, Merck KGaA, Darmstadt, Germany). The total quantity of NO corresponds to the sum of both nitrate and nitrite products. Experiments were performed with plasma membrane extracts with equal amounts of protein obtained from preoptic region homogenates and processed according to the manufacturer s instructions. Spectrophotometric quantification of nitrite and nitrate was performed at 540 nm using Greiss ' reagents. Nitrate and nitrite sample concentrations were deduced from a nitrate standard curve at 540nm.
λ-phosphatase treatment
An equal amount of protein was incubated 1 h at 37 C with the presence or the absence of 800 U -phospatase (P0753S; Biolabs Ltd.°λ
New England, UK) in 1X -phospatase buffer, supplemented with 2 mM MgCl , in a total volume of 50 l. This reaction mixture was then
used for western blot and NOS activity assays, as detailed above.
Effects of ovariectomy and estradiol treatment on nNOS phosphorylation and activity
Cycling female rats (n 24) were bilaterally ovariectomized (OVX, day 0) under anesthesia by intraperitoneal injection of 10 mg/kg = xylazine (Rompun 2 Bayer) and 60 mg/kg ketamine (Ketalar Parke-Davis). Animals were divided into two groups: 12 animals that were % killed at 2 pm 17 days after the ovariectomy without receiving any treatment, and 12 animals that received a single subcutaneous injection of estradiol benzoate (E2, 30 g/rat) at 10 am on day 15 and were killed at 2 pm 17 days after the ovariectomy. Control and E2-treated μ OVX rats were used for Western blots and nNOS assay experiments performed on membrane extract protein of the hypothalamic preoptic region. We observed that uterus was full of fluid in E2-treated rats (12/12) compared to OVX rats, in which the uteri were empty (12/12).
In addition, there was a significant difference in the weight of the uteri between OVX (n 12, 99.4 2.68 mg) and E2-treated OVX rats (n = ± 11, 272.81 11.568 mg).
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(MEPO) at the vascular organ of the lamina terminalis (OV) and the anteroventral preoptic nucleus (AVP), three forebrain regions where nNOS neurons are abundant and known to interact both morphologicaly ( , ) and functionally ( ) with GnRH neurons.
25 25
Statistics
The differences between several groups were analyzed using one-way ANOVA, followed by the Student Newman Keuls multiple --comparison test for unequal replication. The comparison between two groups was subjected to an unpaired t test. The level of significance was set at p < 0.05.
Results
The estrous cycle promotes changes in nNOS protein phosphorylation in the hypothalamic preoptic region
To determine whether posttranslational modifications play a regulatory role in nNOS signaling under physiologically fluctuating conditions, we examined for putative changes in nNOS phosphorylation during the estrous cycle by using a phospho-specific antibody directed against Ser1412-phosphorylated nNOS (P-nNOS). Immunoblot analysis revealed that P-nNOS expression was easily detected in protein extracts from the rat preoptic region where the P-nNOS antiserum recognized a single band of 165 kDa ( ). Importantly, Figure 1A no reaction was present when the antibody was preabsorbed with the blocking peptide ( ).
show that the Figure 1A Figures 1B and 1C estrous cycle significantly impacts nNOS Ser1412 phosphorylation, while (in agreement with previous studies ( )) nNOS protein levels 58 remain steady (nNOS/actin signal ratio, n 4 rats per estrous cycle stage, one-way ANOVA, p > 0.05). Quantification clearly showed that = P-nNOS levels were maximal on the afternoon of proestrus ( ; n 4 per estrous cycle stage, one-way ANOVA, p < 0.03 Figure 1C = proestrus all other groups). We next performed immunohistofluorescent studies on freefloating coronal sections of the preoptic region vs.
from rats in diestrus and proestrus using the same P-nNOS antiserum. Fluorescent microscopic analysis showed that P-nNOSimmunoreactivity was exclusively visualized in nNOS neurons, even though high power images revealed that the nNOS and P-nNOS immunoreactivities were sometimes distributed in different subcellular compartments ( ). The intensity of the Figure 2 immunoreactive signal for P-nNOS showed strong variations between diestrus and proestrus. As shown in and quantified in Figure 3 Table , the number of nNOS neurons that exhibited an immunoreactive signal for P-NOS was significantly higher at the onset of the 1 preovulatory surge (Pro 16h) than on the day of diestrus. These changes occurred in all three forebrain region that were analyzed, i.e. the nucleus of the diagonal band (NDB, ), the median preoptic nucleus (MEPO) at the vascular organ of the lamina terminalis ( Figure 3A ), and in the anteroventral preoptic nucleus (AVP; ). A large number of NOergic neurons were visualized with nNOS Figure 3B Figure 3C
staining in the forebrain, and this number did not vary during the estrous cycle as previously described by us ( ) and others ( ). 58 18
Altogether, these Western blot and immunofluorescent data clearly show that nNOS phosphorylation at Ser1412 fluctuates during the estrous cycle and is maximal at the onset of the preovulatory surge on the day of proestrus. To determine whether these changes in nNOS phosphorylation impact the activity of the enzyme, we measured NOS catalytic activity in protein extracts from the preoptic region, i.e.,
independently of any functional protein-protein interactions and/or cellcell signaling. The results showed that NOS intrinsic activity was significantly higher at the onset of the preovulatory surge at proestrus than in basal-stage diestrous rats ( ; n 4 rats per stage, Figure 4A = t-test, p < 0.01).
λ phosphatase-mediated nNOS dephosphorylation dramatically impairs NOS activity
in a complete abolishment of the P-nNOS labeling intensity ( ), indicating that Ser1412 was dephosphorylated after Figure 4B phosphatase treatment. Immunoblotting with nNOS antibody displayed the same signal intensity with and without any phosphatase treatment, indicating that the dephosphorylation treatment did not affect the protein itself ( ). We then assayed NOS activity in Figure 4B preoptic region protein extracts treated or not treated with phosphatase.
illustrates that NOS dephosphorylation resulted in a Figure 4C major decrease in NO production (n 4 independent experiments, t-test, p < 0.001). These data clearly indicate that nNOS catalytic = activity is related to its phosphorylation at Ser1412. Thus, NO secretory regulation may be attributable, at least in part, to changes in nNOS phosphorylation during the estrous cycle.
Serine 1412-phosphorylated nNOS has a high degree of physical association with the NMDA receptor NR2B subunit and PSD-95 at the plasma membrane on the day of proestrus
Because it was shown in ectopic expression systems that nNOS Ser1412 phosphorylation requires physical association with the plasma membrane ( ) in a manner analogous to that observed with eNOS ( ), and because we have recently shown that the estrous cycle 65 65 modulates coupling of nNOS to NMDA receptors via the scaffolding protein PSD-95 ( ), we investigated whether the increase in nNOS 58
anchoring to the NR2B/PSD-95 complex reflected its phosphorylation state. Coimmunoprecipitation assays performed on protein extracts from the preoptic region demonstrated that immunoprecipitation of p-nNOS resulted in increased coprecipitation of the NMDA receptor NR2B subunit on the afternoon of proestrus compared to diestrus ( ). Similar assays to determine whether PSD-95 was in the Figure 5A complex with phosphorylated nNOS showed higher levels of coprecipitation on the afternoon of proestrus ( ). These results show Figure 5B that, within preoptic neurons, the physical association of P-nNOS with NR2B/PSD95 varies during the estrous cycle and is highest at proestrus. To test whether these changes in protein-protein interaction actually occur at the plasma membrane, we studied nNOS and its phosphorylation state in membrane protein extracts. In line with our previous results ( ), the physical association of nNOS with the 58 plasma membrane increased significantly in proestrus when compared to diestrus ( ; n 4 animals per stage, t-test, p < 0.001), Figure 5C ,E = and this increase was noticeably associated with an augmented P-nNOS immunoreactivity ( ; n 4 animals per stage, t-test, p Figure 5C ,D = < 0.001). Altogether, our results suggest that on the afternoon of proestrus, most NO-producing enzyme molecules are directly coupled to NMDA receptors at the plasma membrane, which constitutes the primary stimulatory calcium influx pathway for this enzyme ( , ), 29 30 and may correspond to increasing amounts of phosphorylationactivated nNOS.
Estradiol promotes both nNOS phosphorylation and physical association with the plasma membrane in ovariectomized rats
To explore the possible role of estrogens in triggering nNOS phosphorylation and its physical linkage with the plasma membrane in preoptic neurons, we next performed experiments in OVX rats. Mimicking the preovulatory increase in plasma estrogen that occurs at proestrus ( ) in OVX rats via subcutaneous injection of 17 -estradiol-3 benzoate-containing sesame oil (EB) ( , ), resulted in a 66 β 67 68 significant increase of nNOS Ser1412 phosphorylation two days later ( n 4 animals per condition, t-test, p < 0.05). Figure 6A ,B = Moreover, there was an increase in nNOS/P-nNOS physical association with the plasma membrane ( ; n 4 animals per Figure 6C -E = condition, t-test, p < 0.001) where the NMDA receptor NR2B subunit is located, thus reproducing the increase in nNOS phosphorylation and its physical association with the plasma membrane during a normal reproductive cycle on the afternoon of proestrus ( ). Figure 5 Consistent with these data, measurements of NOS activity in plasma membrane protein extracts showed that NO production was greater in OVX EB animals than in OVX animals ( ).
+
Figure 6F
Discussion
We show that natural fluctuations of estrogens across the ovarian cycle in adult female rats regulate the state of activation of nNOS through changes in nNOS stimulatory phosphorylation levels in the preoptic region. Our results also demonstrate that association of this phosphorylation-activated nNOS isoform with NMDA receptor/PSD-95 complexes at the plasma membrane varies with cyclic changes in estrogen levels. At proestrus, when circulating estrogen levels are at their highest, increased nNOS phosphorylation is associated with parallel increases in NOS catalytic activity. Dephosphorylation experiments suggested that these two events are causally linked.
Concomitantly, physical approximation of phosphorylation-activated nNOS with NMDA receptor/PSD-95 complexes at the plasma membrane is maximal. Previous studies have demonstrated that nNOS/PSD-95/NMDA receptor ternary complex formation in the hypothalamic preoptic region is required for NO production , it parallels cyclic changes in NO release during the ovarian cycle in vivo in ( ) and that estrogen receptors can mediate these effects ( ). Our results show that most NO-producing enzyme molecules are situ 58 62 directly coupled to Ca stimulatory influxes via NMDA receptor channels ( , ) on the afternoon of proestrus, and this corresponds to
increasing amounts of phosphorylation-activated nNOS. These data suggest that, at the onset of the preovulatory surge, estrogens provide optimal conditions to favor maximal production of NO within the hypothalamus ( ). This pathway may be used to alternate Figure 7 coupling and uncoupling of glutamatergic fluxes for NO production during the ovarian cycle, thereby regulating NOergic
Nutriments Lipidiques et Prévention des Maladies Métaboliques
Endocrinology . Author manuscript Page / 6 16 neurotransmission and the properties of synaptic transmission ( , ). Because NO is a short-acting, rapidly diffusible mediator of 69 70 volume transmission ( ), estrogen-promoted glutamate-dependent NO release ( ) could coordinate neuronal activity in functional 71 62 microdomains of the hypothalamus ( , ). 25 72 -74 Hormonal signals (such as circulating estrogens) may influence glutamatergic neurotransmission in the brain not only by regulating gene transcription ( , , ) and signaling pathway activation ( , ), but also by regulating protein complex assembly and the 46 75 76 42 46 organization of the postsynaptic density ( ), resulting in the elaboration of synaptic glutamate responses with different properties ( ). 77 78 In the preoptic region, most NMDA receptor-expressing neurons also contain estrogen receptor ( ), which is localized to cell nuclei, α 79 perykarial cytoplasm and dendrites ( , ). Interestingly, virtually all preoptic nNOS neurons, which are also known to express estrogen 80 81 receptor ( , ), were recently shown to express NMDA receptors ( ).
α 82 83 58
While some previous studies have suggested that estrogens could modulate hypothalamic nNOS gene expression ( , ), our 59 84 -87 results show that nNOS protein expression levels do not vary during the estrous cycle in the preoptic region. This is consistent with previous data from our own ( ) and other laboratories ( ). In addition, and in accordance with previous studies ( , , ), our 58 18 58 59 88 present results clearly show that NOS activity significantly varies between diestrus (when estrogen levels are low) and proestrus (when estrogen levels are highest). Thus, NO secretory regulation during the estrous cycle may not be directly linked to changes in nNOS protein synthesis but rather involve posttranslational modifications and/or a differential association of the enzyme with stimulatory or inhibitory proteins.
Posttranslational modifications known to modulate nNOS catalytic activity comprise both stimulatory and repressive sets of serine phosphorylations. The Ser1412 site is analogous to the established Akt site found in endothelial NOS ( , ). While this site causes 65 89 nNOS activation ( , ), phosphorylation at the Ser847 site by calcium-calmodulin-dependent kinase II (CAMKII) results in nNOS 37 65 autoinhibition ( , , ). Our studies convincingly show that estrogens promote nNOS Ser1412 phosphorylation during the 37 90 91 in vivo ovarian cycle. These results are consistent with previous data obtained in primary cultures of hypothalamic neurons showing that in vitro estradiol induces phosphorylation of nNOS at Ser1412 ( ). In this model system, estradiol (10 nM) has acute effects that vanish as soon 92
as 15 min after initiation of the treatment. Unfortunately, in the present study, we were unable to address the question as to whether nNOS is differentially phosphorylated at its Ser847 site during the ovarian cycle as, in our hands, commercially available anti-Ser847-phosphorylated nNOS failed to detect any signal in protein extracts from the preoptic region, the hippocampus or the cortex (data not shown). Notwithstanding the putative involvement of Ser847 phosphorylation in the regulation of nNOS activity across the estrous cycle, our results demonstrating that -phosphatase-mediated dephosphorylation of nNOS dramatically impairs NOS activity in λ protein extracts from the preoptic region suggest that phosphorylation-mediated posttranslational modifications of nNOS in the preoptic region are primarily stimulatory. However, because hypothalamic endothelial cells are able to synthesize NO ( ) and express endothelial 93 NOS ( , ), which is also known to be subjected to regulatory phosphorylation ( , ), the possible participation of nonneuronal 93 94 65 89
sources of NOS activity in our protein extracts cannot be excluded.
In addition to linking nNOS activity to phosphorylation of Ser1412 in preoptic neurons during the estrous cycle, our results show that in proestrus, when estrogen levels are highest, the activated Ser 1412-phosphorylated nNOS is physically associated with the NMDA receptor/PSD-95 signaling system in preoptic neurons. It remains unclear the mechanism by which estrogen receptors promote nNOS anchoring to the PSD-95-NMDA receptor complex at the cell membrane ( ). Perhaps the nNOS association with PSD-95 is favored at 62 synaptic sites in response to dynamic events at the post-synaptic density. One potential mechanism for this could be that, upon activation by sex steroids, the estrogen receptor mediates the coalescence of cytoskeleton-tethered nNOS ( ) to PSD-95 through spine formation . 95 This would require remodeling of the actin cytoskeleton ( ), a phenomenon known to occur in neurons of the preoptic region ( ). 96 97 Interestingly, estrogen-dependent regulation of dendritic spine growth in the preoptic region has also been functionally associated with increased PI3 kinase-promoted phosphorylation of Akt ( ), which is one of the serine/threonine protein kinases shown to phosphorylate 56 nNOS at Ser1412 when the enzyme interacts with plasma membranes ( , ). We may therefore speculate that circulating levels of 37 65 estrogen regulate the activation state of nNOS by modulating its coupling with NMDA receptors. In turn, this regulation results in the serine phosphorylation of nNOS, an effect known to increase nNOS enzymatic activity ( , ). These changes, among others, would be 37 65 well suited to account for variations in the level of activation of NO production in hypothalamic neurons, which are largely dependent on fluctuations in circulating estrogen levels.
Growing evidence indicates that hypothalamic production of NO is required for the onset of the preovulatory GnRH/LH surge ( ,  19 27 , , , , , ) that depends on the coordinated and timely activation of GnRH neurons, which represent the final common 58 60 93 98 99 pathway for the neural control of ovulation ( , ). The increase of GnRH release, signaling the onset of the preovulatory GnRH surge, 40 41 requires changes in transsynaptic communication within the neuronal network associated with GnRH neurons in the preoptic region (100 -). These changes involve, at least in part, interaction between estrogens, NMDA receptordependent glutamatergic transmission (  ,  102  103 ) and NO signaling ( , ). We have recently shown that NO directly modulates GnRH neuronal activity ( ) and that estrogens 104 21 58 25 promote NMDA receptor-nNOS complex assembly in hypothalamic neurons ( , ), thus potentiating NO secretion by coupling nNOS 58 62 to its main calcium influx pathway ( , ). These findings, in addition to our present data demonstrating that estrogens further activatePage / 7 16 NMDA receptor-associated nNOS catalytic activity via phosphorylation, strengthen the hypothesis that nNOS neurons may be key targets for gonadal steroids during their positive feedback on the reproductive brain.
Together, our results showing that association of the phosphorylation-activated nNOS isoform with NMDA receptor/PSD-95 complexes at the plasma membrane varies with cyclic changes in levels of estrogens levels provide novel insights into the steroid-mediated molecular mechanism that enables the adult hypothalamus to control the activity of a major brain neuronal signaling pathway in an ever-changing physiological context. Because NO cannot be stored in synaptic vesicles, as with other neurotransmitters, unraveling mechanisms that regulate its synthesis with respect to time and space is crucial, as precise regulation of nNOS activity during fluctuating conditions is key to major hypothalamic functions ( ) and in particular, to the central control of reproduction ( , , , ). 7 -11 15 16 27 58 Ackowledgements:
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Immunoblotting of hypothalamic preoptic region extracts revealed high levels of A.
nNOS phosphorylation at the Ser1412 site. All reaction disappeared in extracts when the antibody was preabsorbed with blocking peptide (PEP 188).
Western blot analyses of the Ser1412-phosphorylated nNOS isoform (P-nNOS; upper panel) and the non-phosphorylated B. rats in proestrus were first dephosphorylated or not ( or -) by using -phosphatase. Samples were then submitted to electrophoresis and
isoform (nNOS
Western blotting using three different antibodies (anti-P-nNOS, anti-nNOS and anti-PSD95). Dephosphorylation of proteins with λ -phosphatase resulted in a complete abolishment of PnNOS signal, whereas no effect on nNOS expression was observed. The same C. experiments were repeated to determine whether dephosphorylation of nNOS affects NOS activity (n 4 per group). The graph illustrates the = significant decrease in NOS activity after dephosphorylation. Error bars indicate SEM. p < 0.01; p < 0.001. ** ***
Figure 5
Estrous-cycle effects on phosphorylation-activated nNOS anchoring to the PSD95/NR2B complex in the adult preoptic region. A.
Immunoprecipitation of proteins collected from the preoptic region with antibodies against P-nNOS results in the coprecipitation of NR2B. B.
Immunoprecipitation of tissue extract with antibodies against PSD-95 results in the coprecipitation of P-nNOS. Each observation A B.
derives from preoptic region tissue pooled from four rats. A representative blot from two independent experiments is shown. Membrane C.
extracts from adult rat preoptic region in diestrus (Di 16h ) and proestrus (Pro 16h) were subjected to western blot analyses using P-nNOS, nNOS and NR2B antibodies.
and Bar graph showing the quantitative analysis of the differential p-nNOS or nNOS association with the D. E.
plasma membrane among stages of the estrous cycle, respectively. The protein levels are expressed in arbitrary densitometric units as the ratio between the P-nNOS ( ) or nNOS ( ) signal and the signal obtained with actin in each sample (n 4 independent experiments, p < 0.001 D E = ***
Figure 6
Effects of estradiol on nNOS phosphorylation and physical approximation to the plasma membrane in ovariectomized female rats. Western A.
blot analyses of the Ser 1412-phosphorylated nNOS isoform (P-nNOS; upper panel) and the non-phosphorylated isoform (nNOS; lower panel) in preoptic region protein extracts from ovariectomized rats treated (OVX E2) or not (OVX) with estradiol. A representative blot from + three independent experiments is shown. The protein levels are expressed in arbitrary densitometric units as the ratio between the P-nNOS B.
signal and the signal obtained with nNOS in each sample ( p < 0.05, n 4 independent experiments per group). Preoptic region membrane * =
C.
extracts from OVX and OVX E2 rats were subjected to electrophoresis and Western-blot. The antibodies used are anti-P-nNOS, anti-nNOS, + anti-NR2B and anti-actin. Signal intensities of both P-nNOS ( ) and nNOS ( ) were quantified and reported in bar graphs (n 4 D E = independent experiments, , p < 0.001). Representative bargraph of NOS activity in membrane extracts from preoptic region fragments ***
F.
from OVX (n 4) or OVX E2 (n 4) female rats ( , p < 0.001).
= + = ***
Figure 7
Schematic representation of the possible estradiol-mediated changes in proteinprotein interactions involved in the control of nNOS activity in the preoptic region of the hypothalamus during the ovarian cycle. Neuronal NOS activity is primarily regulated by increases in the local intracellular Ca ( ), which activates nNOS through calmodulin (CaM) binding ( through the NMDA receptor promotes an efficient NO production ( , ). In parallel, nNOS is also subjected to posttranscriptional 29 30 modifications (such as phoshorylation) that modulates its catalytic activity ( ). Natural fluctuations of estrogen levels across the ovarian 36 -39 cycle, i.e., low in diestrus (Di 16h ) and high in proestrus (Pro 16h), regulate the activation state of nNOS by modulating its coupling with NR2B-containing NMDA receptors by the PSD-95 scaffolding protein. In turn, this regulation, that could be mediated by estrogen-dependent estrogen receptor (ER) activation ( ), results in the phosphorylation of nNOS, an effect known to increase nNOS enzymatic activity ( , 62
).
